1. Introduction {#sec1-pathogens-07-00012}
===============

Bovine respiratory disease (BRD) is the most important disease of intensively finished cattle. While multiple factors contribute to the likelihood of cattle developing BRD, a generally accepted model for BRD development is a primary viral infection predisposing cattle to more severe secondary bacterial infections. Several viruses have been associated with an increased risk of BRD, including bovine herpesvirus 1 (BoHV-1), bovine viral diarrhoea virus 1 (BVDV-1), bovine respiratory syncytial virus and bovine parainfluenza 3 virus.

Of the key BRD associated viruses, BVDV-1 is the most genetically diverse with 21 subgenotypes, BVDV-1a to BVDV-1u, having been reported \[[@B1-pathogens-07-00012]\]. Yesilbag et al. \[[@B1-pathogens-07-00012]\] recently reviewed the geographical distribution of the BVDV-1 subgenotypes. This analysis highlighted several unusual trends in the distribution of the BVDV-1 subgenotypes. As an example, the vast majority of genotyped strains identified in Australia have been classified within the subgenotype 1c \[[@B2-pathogens-07-00012],[@B3-pathogens-07-00012]\]. This is in contrast to the USA where the subgenotype 1b is dominant, but the subgenotype 1a is also frequently reported \[[@B4-pathogens-07-00012]\]. While in Europe the most common subgenotypes are 1a and 1b, also common are subgenotypes 1d, 1e, 1f and 1h \[[@B1-pathogens-07-00012]\]. However, the distribution of subgenotypes can vary between countries within Europe, for example subgenotype 1b and 1d were recently reported to be the most frequently identified subgenotypes in Germany \[[@B5-pathogens-07-00012]\].

Strains of the subgenotype 1c have been rarely reported in the USA or Europe. The drivers of these distributions are unclear, but do not appear to be influenced by vaccine use \[[@B6-pathogens-07-00012]\]. Several studies have suggested that the subgenotypes, at least in part, also reflect the antigen diversity between strains using cross-neutralisation assays \[[@B3-pathogens-07-00012],[@B7-pathogens-07-00012],[@B8-pathogens-07-00012]\]. Clearly the degree of cross-protection afforded by the subgenotype(s) included in a BVDV-1 in a vaccine against the subgenotypes circulating in a cattle population is an important issue.

The overall biological importance of the BVDV-1 subgenotypes remains to be fully elucidated since the majority of published studies have focused on the BVDV-1a and BVDV-1b genotypes. It is reasonable to accept that the subgenotypes of BVDV-1 share similar properties with respect to their capacity to infect susceptible ruminants, and their contribution to the development of more severe clinical disease outcomes such as BRD and the birth of persistently infected calves following transplacental infection. All of these outcomes are reported in cattle populations regardless of what subgenotype is present.

The evaluation of any variation of the in vivo properties of BVDV-1 subgenotypes has received little attention. To assist in developing a better understanding of the importance of the BVDV-1 subgenotypes, the aim of this study was to assess the in vivo properties of five BVDV-1 strains from the poorly studied subgenotype 1c.

2. Results {#sec2-pathogens-07-00012}
==========

2.1. Clinical Assessments {#sec2dot1-pathogens-07-00012}
-------------------------

No overt clinical scores were recorded for any of the trial animals, challenged or unchallenged with the BVDV-1c strains used in this study (data not shown).

2.2. Rectal Temperatures {#sec2dot2-pathogens-07-00012}
------------------------

For all groups, except the cattle infected with BVDV-1c strain NS155, there was a general trend for an increase in the average rectal temperature on Day 0 of the experiment, prior to any viral exposure, compared to the temperatures from Day 1 to Day 5 ([Figure 1](#pathogens-07-00012-f001){ref-type="fig"}a--f). The reason(s) for this increase are unclear. The cattle had been inducted into the containment facility seven days prior to the commencement of the trial and were therefore considered to have been well adapted/acclimatised to the environment. However, on Day 0 there were extra staff and equipment present while the cattle were being inoculated which included extra handling of the animals/cattle potentially contributing to this apparent increase. Due to this anomaly, the Day 1 temperatures were used as the reference point in the subsequent statistical comparisons within each treatment group.

The daily rectal temperatures were monitored for the trial cattle for 14 days following experimental infection. Overall the mean rectal temperature results were variable ([Figure 1](#pathogens-07-00012-f001){ref-type="fig"}). Animals (*n* = 6) infected with BVDV-1c strain PI506 exhibited a significant temperature elevation on Day 8 post infection (*p* \< 0.001, [Figure 1](#pathogens-07-00012-f001){ref-type="fig"}a). For animals infected with BVDV-1c strain Trangie (*n* = 4), the temperature increase was gradual from Day 6 to Day 9 post infection, although the increase was only statistically significant on Day 9 (*p* \< 0.05, [Figure 1](#pathogens-07-00012-f001){ref-type="fig"}b). Animals infected with BVDV-1c strain AO554 (*n* = 4) exhibited elevated mean temperatures on Day 7 and Day 8 post infection, with only the Day 8 mean temperature being statistically significant (*p* \< 0.05, [Figure 1](#pathogens-07-00012-f001){ref-type="fig"}d). A similar temperature profile was observed for BVDV-1c strain NS155 (*n* = 4), with elevated temperatures on Day 8 and Day 9, with only Day 8 being statistically significant (*p* \< 0.05, [Figure 1](#pathogens-07-00012-f001){ref-type="fig"}d). Although there was a suggestion of an elevated mean temperature on Day 9 post-infection for the cattle (*n* = 3) infected with VR1112 this was not statistically significant ([Figure 1](#pathogens-07-00012-f001){ref-type="fig"}e). The rectal temperatures of the contact animals (*n* = 2) did not exceed 39.0 °C during the experiment ([Figure 1](#pathogens-07-00012-f001){ref-type="fig"}f). No statistical comparisons were undertaken for this group due the low animal numbers.

2.3. Detection of Virus Post-Infection {#sec2dot3-pathogens-07-00012}
--------------------------------------

The course of the BVDV-1c nasal shedding by the trial cattle was assessed by testing extracts from nasal swabs collected from Day 0 to Day 14 and serum samples collected on Day 7 and Day 14 post-infection with a BVDV-1 specific quantitative real-time (qPCR). A summary of these results expressed as the threshold cycle (Ct) is shown in [Table 1](#pathogens-07-00012-t001){ref-type="table"}. Overall, the distribution of positive nasal swabs was variable between and within the groups of cattle infected with the different strains of BVDV-1c. The earliest that virus was detected in nasal swabs was Day 2 post-infection for animals infected with PI506 (1 of 6 animals), Trangie (1 of 4 animals) and AO554 (2 of 4 animals). One nasal swab from an animal infected with strain PI506 tested positive at Day 14 post infection.

The BVDV-1c strain AO554 was the virus most consistently detected in the nasal swabs with all infected animals reacting with the qPCR at Day 6 and Day 7 post infection, and three of the four animals also reacted in the qPCR on Day 8 ([Table 1](#pathogens-07-00012-t001){ref-type="table"}). The serum samples collected from animals infected with AO554 at Day 7 post-infection also reacted and were deemed to be positive for BVDV-1c ([Table 1](#pathogens-07-00012-t001){ref-type="table"}).

With respect to the other groups, BVDV-1c was consistently detected in nasal swabs collected on Day 5, Day 6 and Day 7 post-infection from two of the six animals infected with BVDV-1c strain PI506 ([Table 1](#pathogens-07-00012-t001){ref-type="table"}). One of the animals in this group tested positive (nasal swabs) from Day 3 to Day 7 post-infection and the swabs from Day 13 and Day 14 were also positive.

For cattle infected with BVDV-1c strain Trangie, one of the four animals tested positive on Day 2 post-infection, while all the other samples were negative throughout the sampling period ([Table 1](#pathogens-07-00012-t001){ref-type="table"}).

Of the animals infected with BVDV-1c strain NS155, two animals had positive nasal swabs. One of these animals was positive on Day 6. The strain NS155 was detected sporadically between Day 7 and 13 in samples from animal 2680. The serum samples from Day 7 and Day 14 from this animal were both reactive with the qPCR assay ([Table 1](#pathogens-07-00012-t001){ref-type="table"}).

Two animals infected with BVDV-1c strain VR1112 tested positive for the virus in a sporadic manner. The remaining animals did not return any positive results ([Table 1](#pathogens-07-00012-t001){ref-type="table"}). None of the sample extracts from the two contact animals reacted with the qPCR during the sampling period ([Table 1](#pathogens-07-00012-t001){ref-type="table"}).

BVDV-1c was not detected via qPCR in the nasal swab or serum samples collected from all animals on Day 21, Day 28, Day 42 and Day 55 post-infection and were deemed to be negative (data not shown).

2.4. Isolation of BVDV-1c from Nasal Swabs {#sec2dot4-pathogens-07-00012}
------------------------------------------

Attempts were made to isolate the BVDV-1c strains from the nasal swabs collected at Day 7 post-infection from selected animals. No BVDV-1c was detected in any of the culture supernatants by qPCR after three passages of Animal 2684 (PI506 infected and tested positive from Day 2 to Day 7), Animal 2686 (Trangie infected), Animal 2666 (AO554 infected) or Animal 2669 (AO554 infected).

2.5. Haematological Analyses of Cattle Infected with BVDV-1 Strains {#sec2dot5-pathogens-07-00012}
-------------------------------------------------------------------

White blood cells: Infection of cattle with BVDV-1c strains PI506, AO554 and NS155 all resulted in a significant depletion of the average white blood cell (WBC) counts at Day 7 post-infection ([Figure 2](#pathogens-07-00012-f002){ref-type="fig"}). A trend towards a similar depletion at Day 7 was evident for strains Trangie and VR1112 although this was not statistically significant ([Figure 2](#pathogens-07-00012-f002){ref-type="fig"}). At Day 14 post-infection the levels of WBC had returned to similar levels to those observed on the day of infection for all animals ([Figure 2](#pathogens-07-00012-f002){ref-type="fig"}).

Lymphocytes: Significant reductions in the mean lymphocyte concentrations were observed for the groups of cattle infected with BVDV-1c strain PI506 (*p* \< 0.001, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}a), strain Trangie (*p* \< 0.01, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}b), strain AO554 (*p* \< 0.05, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}c) and strain NS155 (*p* \< 0.01, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}d) on Day 7 post-infection. By Day 14 post-infection the lymphocyte numbers had returned to concentrations similar to those at the start of the trial.

A recurrence of the significant reduction in the concentration of lymphocytes was detected on Day 55 post-infection in cattle infected with strains PI506 (*p* \< 0.05, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}a), AO554 (*p* \< 0.05, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}c) and NS155 (*p* \< 0.05, [Figure 3](#pathogens-07-00012-f003){ref-type="fig"}d). While the concentration of lymphocytes appeared to be reduced for cattle infected with strain Trangie on Day 55, this reduction was not statistically significant ([Figure 3](#pathogens-07-00012-f003){ref-type="fig"}b). No differences in lymphocytes were evident for the animals infected with strain VR1112 ([Figure 3](#pathogens-07-00012-f003){ref-type="fig"}e) or the uninfected animals ([Figure 3](#pathogens-07-00012-f003){ref-type="fig"}f).

Monocytes: Seven days post-infection, animals infected with BVDV-1c strain PI506 had significantly reduced concentration of monocytes compared to the pre-infection sample (*p* \< 0.01, [Figure 4](#pathogens-07-00012-f004){ref-type="fig"}a). No significant changes in the numbers of monocytes were detected for any of the animals infected with the remaining BVDV-1c strains or the contact animals ([Figure 4](#pathogens-07-00012-f004){ref-type="fig"}).

Neutrophils: No significant loss of neutrophils was detected in any of the animals in the trial ([Figure 5](#pathogens-07-00012-f005){ref-type="fig"}). On Day 42 post-infection, the group of animals infected with BVDV-1c strain PI506 had a significantly higher concentration of neutrophils compared to the Day 0 samples ([Figure 5](#pathogens-07-00012-f005){ref-type="fig"}).

Eosinophils: The group of animals infected with BVDV-1c strain PI506 had significantly reduced eosinophil concentrations on Day 7 and Day 14 post-infection compared to Day 0 ([Figure 6](#pathogens-07-00012-f006){ref-type="fig"}a). None of the blood samples collected from animals infected with the remaining BVDV-1c strains had any significant variation in the number of eosinophils for the duration of the trial. For the remaining groups infected with BVDV-1c strain Trangie ([Figure 6](#pathogens-07-00012-f006){ref-type="fig"}b), BVDV-1c strain AO554 ([Figure 6](#pathogens-07-00012-f006){ref-type="fig"}c), BVDV-1c strain NS155 ([Figure 6](#pathogens-07-00012-f006){ref-type="fig"}d) and BVDV-1c strain VR1112 ([Figure 6](#pathogens-07-00012-f006){ref-type="fig"}e) there was a non-significant trend towards a reduced number of eosinophils on Day 7 post-infection. The uninfected control animals consistently had the lowest concentration of eosinophils on all sampling days ([Figure 6](#pathogens-07-00012-f006){ref-type="fig"}f).

Platelets: Overall, the concentration of platelets in infected animals were reduced for most BVDV-1c strains on Day 7 and/or Day 14 post infection compared to Day 0. The only significant reduction was for the animals infected with BVDV-1c strain NS155 on Day 14 (*p* \< 0.05, [Figure 7](#pathogens-07-00012-f007){ref-type="fig"}d). A reduction in platelet numbers was also apparent on Day 14 for animals infected with strain PI506, Trangie and VR1112, but these differences were not statistically significant ([Figure 7](#pathogens-07-00012-f007){ref-type="fig"}a,b,e). In contrast to other infected groups, the concentration of platelets in cattle infected with BVDV-1c strain AO554 appeared stable for the duration of the experiment, apart from a significant increase on Day 21 post-infection (*p* \< 0.05, [Figure 7](#pathogens-07-00012-f007){ref-type="fig"}c).

2.6. Serological Analyses {#sec2dot6-pathogens-07-00012}
-------------------------

All trial animals were monitored for the development of BVDV-1 specific antibodies throughout the course of the experiment. Virus specific antibody was first detected on Day 14 post-infection with 10 of the 21 infected animals testing positive. However, none of the animals infected with strains Trangie or AO554 had detectable antibodies by this time point. By Day 21 post-infection, 18 of the 21 animals had detectable BVDV-1 specific antibody ([Table 2](#pathogens-07-00012-t002){ref-type="table"}). All the BVDV-1c challenged animals had detectable BVDV-1 antibodies by Day 28 post-infection ([Table 2](#pathogens-07-00012-t002){ref-type="table"}). One of the animals infected with strain AO554 was positive on Day 14 but subsequently tested negative on Day 21 ([Table 2](#pathogens-07-00012-t002){ref-type="table"}). No BVDV-1 antibody was detected in the serum samples from either of the two contact animals at any of the sampling time points ([Table 2](#pathogens-07-00012-t002){ref-type="table"}).

3. Discussion {#sec3-pathogens-07-00012}
=============

Several studies have explored the potential links between the subgenotypes and antigenic variation through cross neutralisation studies \[[@B3-pathogens-07-00012],[@B7-pathogens-07-00012],[@B8-pathogens-07-00012]\]. Clearly, knowledge of any such relationship is important as it would facilitate the selection of vaccine components to match the circulating BVDV-1 subgenotypes, while also enabling the ongoing monitoring of field strains to detect any change in the dominant subgenotype.

The importance of the BVDV-1 subgenotypes with respect to the in vivo biology has received minimal attention and more research is required to define commonalities and divergences between each group such as virulence. Several of the parameters measured in this study showed similar effects of the BVDV-1c strains on their bovine hosts. These commonalities were not unexpected as the strains used in this study were all BVDV-1 subgenotype 1c. Currently, there are no specific criteria proposed to evaluate BVDV-1 virulence, however clinical signs (respiratory and/or digestive), biphasic pyrexia, biphasic leukopenia and thrombocytopenia have been reported for BVDV-1 subgenotypes 1a, 1b, 1d, 1e and 1k from various countries \[[@B9-pathogens-07-00012],[@B10-pathogens-07-00012],[@B11-pathogens-07-00012],[@B12-pathogens-07-00012],[@B13-pathogens-07-00012]\]. In the current study, no respiratory or digestive clinical signs were observed in the BVDV-1c inoculated cattle.

While a significant pyrexia was identified in cattle infected with four of the five BVDV-1 strains, however, there was no evidence of a biphasic pyrexia ([Figure 1](#pathogens-07-00012-f001){ref-type="fig"}). Four of the five BVDV-1 infected groups exhibited significant leukopenia at Day 7 post-infection, three of which were biphasic ([Figure 3](#pathogens-07-00012-f003){ref-type="fig"}). Only the group infected with VR1112 did not have detectable leukopenia. As VR1112 was the only cytopathic BVDV-1 strain included in the current study, further research is required to determine why this was the case. With respect to thrombocytopenia, only the cattle infected with strain NS155 had a significant loss of platelets that was detected 14 days after infection ([Figure 7](#pathogens-07-00012-f007){ref-type="fig"}d). Collectively these data suggest the BVDV-1 subgenotypes 1c evaluated in this study have low virulence in transiently infected animals under the experimental conditions utilised.

One additional parameter which is commonly considered in the assessment of viral virulence is transmission capacity \[[@B14-pathogens-07-00012]\]. There is general agreement that there is either no or limited horizontal transmission of BVDV-1 between transiently infected cattle \[[@B15-pathogens-07-00012],[@B16-pathogens-07-00012],[@B17-pathogens-07-00012]\]. Sarrazin et al. \[[@B18-pathogens-07-00012]\] concluded that the field strains of BVDV-1 subgenotype 1a and 1b evaluated in their study were unlikely to play an important role in transmission. The detection of BVDV-1c in the nasal swabs of infected cattle the current study was sporadic and where detected the results suggested low quantities of virus ([Table 1](#pathogens-07-00012-t001){ref-type="table"}). The range of Ct values from nasal swabs and serum samples in the current study were 31.6 to 39.0 and 32.0 to 39.0 respectively ([Table 1](#pathogens-07-00012-t001){ref-type="table"}). Previous studies have evaluated the use of qPCR to differentiate persistently and transiently infected animals. Hanon et al. \[[@B19-pathogens-07-00012]\] estimated that a Ct value below 28.89 from a blood sample would identify all persistently infected animals, although this value was likely to misclassify some transiently infected animals as being persistently infected. While Hay et al. \[[@B20-pathogens-07-00012]\] estimated that a Ct value below 33 from serum was indicative of an animal being persistently infected with BVDV-1. The results of the current study, suggest a Ct value of 33 is too high for the differentiation of transiently and persistently infected animals based on a single sample. Noting that both prior studies utilised field samples for these estimates, thus direct comparison to the current study requires caution. The use of these estimates, would also require sample preparation and analyses to be comparable, particularly volume of sample extracted and subsequently used in the qPCR assay.

Associated with these results, the two uninfected control animals included in the study did not test positive for BVDV-1 or seroconvert to BVDV-1 over the course of the experiment. Unchallenged animals could only be included in one of the containment rooms of the study for logistical reasons. Consequently, there were no uninfected animals penned with the animals infected with BVDV-1c strain AO554 or strain PI506, the viruses most consistently detected in nasal swabs and in the highest quantities ([Table 1](#pathogens-07-00012-t001){ref-type="table"}). Collectively, these results suggest that minimal amounts of the challenge viruses were present in the nasal secretions of the infected animals and as a result the risk of virus transmission to other animals was very low for these BVDV-1c strains. Evans et al. \[[@B21-pathogens-07-00012]\] recently reported the absence of horizontal transmission from sheep experimentally infected with an Australian strain of BVDV-1 subgenotype 1c to sentinel sheep. The possibility of animals transiently infected with the BVDV-1c strains used in these studies producing and shedding sufficient quantities of virus to facilitate transmission if subjected to stressful conditions cannot be excluded. It has recently been demonstrated that the BVDV-1 strain H0916 (subgenotype 1a) was only transmitted to sentinel animals when the infected animals were immunosuppressed with dexamethasone \[[@B22-pathogens-07-00012]\]. If the low risk if transmission from transiently infected animals extends to all BVDV-1 subgenotype 1c it could have important implications in the implementation of effective BVDV-1 control plans with persistently infected animals as the sole source of virus \[[@B3-pathogens-07-00012],[@B23-pathogens-07-00012],[@B24-pathogens-07-00012],[@B25-pathogens-07-00012]\]. Further research is required to determine if any BVDV-1 subgenotype 1c strains replicate sufficiently in the nasal epithelia at levels to facilitate transmission to susceptible sentinel animals. The BVDV-1c strains PI506 and AO554 would be excellent candidate viruses for these studies.

While the detection of virus in nasal swab and serum samples was sporadic, the cattle were clearly infected as demonstrated by the serological analyses. Infected animals started to seroconvert by Day 14 post-infection with 10 of the 22 infected animals testing positive for BVDV-1 specific antibody. The number of positive animals increased by Day 21, with all infected animals being antibody positive by Day 28. These data are consistent with other BVDV-1 infection studies \[[@B17-pathogens-07-00012],[@B26-pathogens-07-00012]\]. There did not appear to be anything specific to the BVDV-1c strains used in this study in relation to the serological data with animals from all groups becoming seropositive in a fourteen day period and all animals being seropositive by Day 28.

The impacts of some BVDV-1c strains on cattle in the current study may have been under-estimated due to the smaller number of cattle in each group, particularly for strain VR1112 where one animal was withdrawn from the experiment immediately prior to commencement of the trial for ethical reasons (lameness). The number of cattle in this study was constrained by the capacity of the facility and need to evaluate the properties of several BVDV-1 subgenotype 1c strains. Another potential limitation of the current study was the viral inoculums used were quantified using RT-qPCR of the final cell culture supernatants. While previous studies have demonstrated correlations between RT-qPCR results and measures of in vitro infectivity such as plaque forming units and/or 50% cell culture infectious dose (TCID50) for other viruses, such relationships have not been reported for BVDV-1 as yet \[[@B27-pathogens-07-00012],[@B28-pathogens-07-00012],[@B29-pathogens-07-00012],[@B30-pathogens-07-00012]\]. Future studies which aim to directly compare the in vivo properties of the BVDV-1c strains used in the study would need to establish the relationship between RT-qPCR results and measures of in vitro infectivity to enable the standardisation of the challenge doses.

Future studies will be required to better understand the relationships between the BVDV-1 subgenotypes and virulence. Strong et al. \[[@B22-pathogens-07-00012]\] also identified that the challenge dose can influence the clinical outcomes of cattle challenged with BVDV-1a. Data was also reported which suggested an influence of calf age on clinical outcome. As a consequence, future studies aiming to characterise the interactions of BVDV-1 and its bovine host should aim to do so under a standardised challenge system, including route of infection, challenge dose (where possible multiple doses) and age of animals. It is imperative that the subgenotype of the BVDV-1 isolate(s) used also be included.

While the current study has focused on the respiratory component of the BVDV-1c infection, it is well accepted the virus can have profound impacts on the reproductive capacity of individual animals and cattle herds overall. The BVDV-1c isolate Trangie was used in several earlier studies that reported the capacity of this virus to significantly impair bovine reproductive function \[[@B31-pathogens-07-00012],[@B32-pathogens-07-00012],[@B33-pathogens-07-00012],[@B34-pathogens-07-00012]\]. The capacity of specific BVDV-1 strains and/or subgenotype groups to cause both respiratory and reproductive disease are yet to be investigated, and may be required to fully understand this important cattle pathogen.

This study is the first to characterise the in vivo properties of BVDV-1 strains confirmed as belonging to the subgenotype 1c. Interestingly, the overall impacts of the infection of the different strains on the infected cattle were in general similar to those reported for other BVDV-1 subgenotypes with transient pyrexia, leukopenia, and quantities of virus in nasal swabs which are unlikely to facilitate horizontal transmission \[[@B9-pathogens-07-00012],[@B10-pathogens-07-00012],[@B11-pathogens-07-00012],[@B12-pathogens-07-00012],[@B13-pathogens-07-00012],[@B22-pathogens-07-00012]\]. Of the BVDV-1c strains examined in this study PI506 had the most consistent impact on the experimentally infected cattle and is a strong candidate for use in cattle studies to further define the in vivo properties of the subgenotype 1c, including direct comparisons to strains of other subgenotypes.

4. Materials and Methods {#sec4-pathogens-07-00012}
========================

4.1. Animal Ethics {#sec4dot1-pathogens-07-00012}
------------------

All experimental procedures involving animals were reviewed and approved by The University of Queensland Animal Ethics Committee, Approval number QAAFI/399/13/MLA.

4.2. Cattle Infection Trial {#sec4dot2-pathogens-07-00012}
---------------------------

The BVDV-1c isolates used in the cattle trial are described in [Table 3](#pathogens-07-00012-t003){ref-type="table"}. Viral inoculums were prepared by adding 100 μL of primary stock of each BVDV-1c strain to culture medium of subconfluent monolayers of MDBK cells in tissue culture flasks (25 cm^2^) and incubated at 37 °C in a 5% CO~2~ atmosphere for seven days. The supernatants were clarified at 5000 g, aliquoted and stored at −80 °C until required. As the aims of this study did not include intergroup statistical comparisons, the viral supernatants were used as harvested to inoculate cattle at the maximum possible titre. Cattle were sourced by Veterinary Health Research Ltd. Pty (Armidale, NSW, Australia). The animals were Black Angus and 6 to 9 months of age. Prior to enrolment into the study, cattle were tested multiple times and confirmed negative for serological evidence of prior BVDV-1 exposure/infection. ELISAs were performed using the BIO K284 ELISA, as described by the manufacturer (Bio-X Diagnostics, Jemelle, Belgium).

Seven days prior to commencement of the trial, cattle (*n* = 24) were moved into the Large Animal PC2 facility at the Queensland Animal Science Precinct (Gatton, QLD, Australia). The cattle were randomly assigned to one of four pens (4 × 6) with two pens per room ([Table 4](#pathogens-07-00012-t004){ref-type="table"}). The rooms are operated independently, including separate air handling systems. To minimise the risk of virus transmission between rooms, separate teams of staff were used to maintain/care for and collect samples from the animals in each room daily.

On Day 0, the rectal temperature for each animal was recorded and two blood samples collected via the jugular vein. The cattle groups were inoculated with one of the BVDV-1 viral strains as shown in [Table 4](#pathogens-07-00012-t004){ref-type="table"}. Briefly, the animal was restrained with the nose elevated and the viral inoculum (1 mL) was slowly dripped into each nostril. The nose was held in this position for 15 to 20 s and the animal then released. Two animals in Room 2 were not inoculated with virus.

Clinical assessments: Cattle were monitored from Day 1 to Day 14 post-infection for clinical signs in respect to nasal discharge, coughing, behavior/demeanour and loss of appetite (feed residue).

Temperature: The rectal temperatures for each animal was recorded from Day 1 to Day 14. The expected rectal temperature of healthy cattle was 38.5 °C \[[@B36-pathogens-07-00012]\].

4.3. Virus Detection in Nasal Swabs and Sera {#sec4dot3-pathogens-07-00012}
--------------------------------------------

Nasal swabs were collected from Day 0 to Day 14, Day 21, Day 28, Day 42, Day 56 and Day 60. Nasal swabs were immediately placed on ice for transport back to the laboratory for storage at 4 °C until required. Nasal swabs were immersed in 500 μL of PBS containing 5 × Antibiotic-Antimycotic (Thermofisher Scientific, Waltham, MA, USA) and gently agitated. The swab was subsequently removed and discarded. A 200 μL aliquot of this resuspension was used for total nucleic acid extraction using the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) as described by the manufacturer, except for the exclusion of RNAse A. Total nucleic acid extracts were also prepared from aliquots (200 μL) of cattle serum samples, collected as described below, using the same methodology. Sample extracts prepared from nasal swabs and sera were analysed by qPCR for the presence of BVDV-1 RNA as previously described \[[@B37-pathogens-07-00012]\]. Samples yielding a Ct value ≥ 40 were deemed to be negative for BVDV-1.

4.4. Virus Isolation from Nasal Swabs {#sec4dot4-pathogens-07-00012}
-------------------------------------

An aliquot of the resuspended nasal swab from Day 7 post-infection from selected animals were utilised for virus isolation. Aliquots, 10 μL and 100 μL of the nasal swab resuspension diluted 1:10 with PBS were added directly to culture medium of subconfluent monolayers of MDBK cells in 6 well plates and incubated at 37 °C in a 5% CO~2~ atmosphere for seven days. The monolayers were freeze/thawed once and a 100 μL aliquot of the culture supernatant added to new subconfluent monolayers of MDBK cells in 6 well plates and incubated at 37 °C in a 5% CO~2~ for seven days. This process was repeated three times. Total nucleic acids were extracted from a 200 μL aliquot of each culture supernatant and tested using qPCR for the presence of BVDV-1 as described previously.

4.5. Serology and Haematology {#sec4dot5-pathogens-07-00012}
-----------------------------

Blood sampling: Blood for serum harvesting (6 mL BD Vacutainers™, BD Biosciences, Franklin Lakes, NJ, USA) and blood cell count analyses (6 mL EDTA BD Vacutainers™, BD Scientific, Franklin Lakes, NJ, USA) were collected on Day 0, Day 7, Day 14, Day 21, Day 28, Day 42, Day 56 and Day 60 post infection.

Serum samples were tested for the presence of BVDV-1 specific antibodies using the BIO K284 ELISA, as described by the manufacturer (Bio-X Diagnostics, Jemelle, Belgium). The level of virus specific IgG in each serum sample was assigned to one of six arbitrary categories, negative (−) or positive (+, ++, +++, ++++, or +++++) according to the manufacturer's instructions.

Whole blood samples were submitted to the Veterinary Science Diagnostic Services (School of Veterinary Science, University of Queensland, Gatton, QLD, Australia) for analyses of the cell populations using standard blood smearing and cell counting methodologies.

4.6. Statistical Analyses {#sec4dot6-pathogens-07-00012}
-------------------------

Data generated from the animal trial were analysed using a one-way analysis of variance (ANOVA) with Dunnett's multiple comparisons test and statistical significance attributed where *p* \< 0.05 within Graphpad PRISM™ (Version 7.03, GraphPad Software, Inc., La Jolla, CA, USA).
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![Rectal temperatures from groups of cattle infected with different strains of bovine viral diarrhoea virus 1 genotype 1c (BVDV-1c). The mean temperature with the standard error of the mean are shown for each day post infection. (**a**) Animals infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animals infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animals infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animals infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animals infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). The asterisks above selected days indicate significant differences compared to Day 1 post-infection for that group of cattle. Level of significance; \* *p* \< 0.05; \*\*\*\* *p* \< 0.0001.](pathogens-07-00012-g001){#pathogens-07-00012-f001}

###### 

Concentration of white blood cells in blood samples from groups of cattle infected with different strains of bovine viral diarrhoea virus 1 genotype 1c (BVDV-1c). Each column shows the mean concentration of white blood cells for each group and the standard error of the mean. (**a**) Animals infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animals infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animals infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animals infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animals infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). Mean values which differ significantly from the Day 0 samples for each group are indicated, \*\* where *p* \< 0.01 or \*\*\* where *p* \< 0.001.
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###### 

Concentration of lymphocytes in blood samples from groups of cattle infected with different strains of bovine viral diarrhoea virus 1 genotype 1c (BVDV-1c). Each column shows the mean concentration of lymphocytes for each group and the standard error of the mean. (**a**) Animals infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animals infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animals infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animals infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animals infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). Mean values which differ significantly from the Day 0 samples for each group are indicated, \* where *p* \< 0.05, \*\* where *p* \< 0.01 or \*\*\* where *p* \< 0.001.
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###### 

Concentration of monocytes in blood samples from groups of cattle infected with different strains of bovine viral diarrhoea virus 1 genotype 1c (BVDV-1c). Each column shows the mean concentration of monocytes for each group and the standard error of the mean. (**a**) Animals infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animals infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animals infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animals infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animals infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). Mean values which differ significantly from the Day 0 samples for each group are indicated, \*\* where *p* \< 0.01.
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###### 

Concentration of neutrophils in blood samples from groups of cattle infected with different strains of bovine viral diarrhoea virus 1 genotype 1c (BVDV-1c). Each column shows the mean concentration of neutrophils for each group and the standard error of the mean. (**a**) Animals infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animals infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animals infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animals infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animals infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). Mean values which differed significantly from the Day 0 samples are indicated \* where *p* \< 0.05.
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###### 

Concentration of eosinophils in blood samples from groups of cattle infected with different strains of bovine viral diarrhoea virus 1 subgenotype 1c (BVDV-1c). Each column shows the mean concentration of eosinophils for each group and the standard error of the mean. (**a**) Animals infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animals infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animals infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animals infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animals infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). Mean values which differed significantly from the Day 0 samples for strain PI506 are indicated \*\* where *p* \< 0.01.
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###### 

Concentration of platelets in groups of cattle infected with different strains of bovine viral diarrhoea virus 1 subgenotype 1c (BVDV-1c). Each column shows the mean concentration of platelets for each group and the standard error of the mean on each day post-infection. (**a**) Animal infected with BVDV-1c strain PI506 (*n* = 6); (**b**) Animal infected with BVDV-1c strain Trangie (*n* = 4); (**c**) Animal infected with BVDV-1c strain AO554 (*n* = 4); (**d**) Animal infected with BVDV-1c strain NS155 (*n* = 4); (**e**) Animal infected with BVDV-1c strain VR1112 (*n* = 3); (**f**) Uninfected animals (*n* = 2). Mean values which differed significantly from the Day 0 samples for specific groups are indicated \* where *p* \< 0.05.
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###### 

Detection of bovine viral diarrhoea virus 1 subgenotype 1c in extracts from cattle samples using quantitative real time PCR (qPCR). Nasal swabs (N) and serum (S) samples were analysed using qPCR. Reactive samples were deemed positive for BVDV-1c with the cycle threshold value shown (shaded cells). Samples which did not react (\>40) with the qPCR were deemed to be negative (−) for the virus.

                           Days Post Infection ^1^                                                                                        
  ------------- ---------- ------------------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ --- --- ------ ------ ------
  PI506 ^2^     2661       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2664       −                         35.6   −      −      −      −      −      −      −      −      −   −   −      −      −
                2665       −                         35.4   −      −      −      −      −      −      −      −      −   −   −      −      −
                2676       −                         −      −      37.8   36.6   36.7   36.0   37.1   −      −      −   −   −      −      −
                2682       −                         −      −      −      −      −      −      37.1   −      −      −   −   −      −      −
                2684 ^4^   31.7                      32.8   36.7   36.5   34.8   32.8   34.7   −      −      −      −   −   36.5   36.5   −
  Trangie ^2^   2675       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2677       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2685       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2686 ^4^   39.0                      −      −      −      −      −      −      −      −      −      −   −   −      −      −
  AO554 ^3^     2666 ^4^   35.3                      34.3   −      −      33.6   32.0   32.0   36.3   −      −      −   −   −      −      −
                2668       −                         −      34.8   39.5   33.8   32.4   35.7   −      −      37.3   −   −   −      −      −
                2669 ^4^   −                         36.6   37.1   −      32.0   31.6   33.7   32.6   37.5   −      −   −   −      −      −
                2673       37.0                      −      −      −      37.3   39.8   35.9   37.4   −      −      −   −   −      −      −
  NS155 ^3^     2667       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2672       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2674       −                         −      −      −      38.4   −      −      −      −      −      −   −   −      −      −
                2680       −                         −      −      −      −      −      34.3   36.5   −      −      −   −   34.6   −      39.0
  VR1112 ^3^    2662       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2678       −                         36.8   38.8   −      −      −      −      −      −      −      −   −   −      −      −
                2683       −                         −      −      −      −      −      −      −      −      −      −   −   39.5   −      −
  Contact ^2^   2663       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −
                2681       −                         −      −      −      −      −      −      −      −      −      −   −   −      −      −

^1^ Samples collected on Day 0 and Day 1 were non-reactive with the qPCR assay. ^2^ Animals housed together in Containment Room 2. ^3^ Animals housed together in Containment Room 1. ^4^ Virus isolation experiments using the Day 7 nasal swabs taken from selected animals did not recover any detectable virus.
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###### 

Serological responses (IgG) of cattle challenged with one of five strains of bovine viral diarrhoea virus 1 genotype 1c. The level of virus specific IgG were determined using a commercial ELISA and assigned to one of six arbitrary categories, negative (−) or positive (+, ++, +++, ++++, or +++++).

  Strain    Animal ID   Days Post-Infection                                    
  --------- ----------- --------------------- --- ----- ------ ------- ------- -------
  PI506     2661        −                     −   −     \+     ++      +++     ++
            2664        −                     −   \+    +++    ++++    +++++   ++++
            2665        −                     −   \+    +++    ++++    ++++    +++
            2676        −                     −   −     ++     +++     ++++    ++++
            2682        −                     −   −     ++     ++      ++++    ++++
            2684        −                     −   −     +++    +++     ++++    ++++
  Trangie   2675        −                     −   −     +++    ++++    ++++    +++
            2677        −                     −   −     ++     +++     +++     +++
            2685        −                     −   −     +++    +++     ++++    +++++
            2686        −                     −   ++    +++    +++++   +++++   +++++
  AO554     2666        −                     −   ++    +++    ++++    +++++   ++++
            2668        −                     −   +++   −      +++++   +++++   +++++
            2669        −                     −   +++   ++++   +++++   +++++   +++++
            2673        −                     −   −     ++     ++++    +++++   ++++
  NS155     2667        −                     −   +++   +++    +++++   +++++   ++++
            2672        −                     −   \+    \+     +++++   +++++   ++++
            2674        −                     −   −     −      ++++    ++++    ++++
            2680        −                     −   \+    ++++   +++++   +++++   +++++
  VR1112    2662        −                     −   −     −      ++      ++      ++
            2678        −                     −   +++   +++    +++++   +++++   +++++
            2683        −                     −   −     \+     \+      ++      ++
  Contact   2663        −                     −   −     −      −       −       −
            2681        −                     −   −     −      −       −       −

pathogens-07-00012-t003_Table 3

###### 

Properties of the bovine viral diarrhea virus 1 isolates used to study.

  Isolate       Biotype          Passage   qPCR ^1^                          Source
  ------------- ---------------- --------- --------------------------------- ------------------------------------------------------------------------
  PI506         Non-cytopathic   P3        19                                Isolated from a persistently infected animal
  Trangie ^2^   Non-cytopathic   P3        17                                Dr Peter Kirkland (DPI) \[[@B35-pathogens-07-00012]\]
  AO554         Non-cytopathic   P3        18                                Isolated from a persistently infected animal
  VR1112 ^2^    Cytopathic       P4        17, (1 × 10^4.6^ TCID50 mL^−1^)   Dr Jan Smith (JCU)
  NS155         Non-cytopathic   P3        22                                Isolated from a feedlot animal, treated for bovine respiratory disease

^1^ Real-time PCR threshold cycle value of virus inoculum. The TCID50 of the cytopathic strain is shown in parenthesis. ^2^ Isolate was positive for mycoplasma and was treated with Plasmocin (Sigma-Aldrich, St Louis, MO, USA) according to the manufacturer's instructions until PCR test was negative.

pathogens-07-00012-t004_Table 4

###### 

Experimental layout utilised in the bovine viral diarrhea virus 1 (BVDV-1) infection study.

  Room   Pen Number   Strain     Number of Cattle
  ------ ------------ ---------- ------------------
  1      1.1          AO554      4
  1      1.1          Trangie    2
  1      1.2          Trangie    2
  1      1.2          VR1112     3 ^1^
  2      2.3          PI506      6
  2      2.4          NS155      4
  2      2.4          No virus   2

^1^ One animal was withdrawn for ethical reasons prior to inoculation.
